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Abstract 

a ■ 

In a fourth generation model with heavy quarks, the production cross section of the Higgs boson in the 
gluon-gluon fusion process is significantly increased due to additional quark loops. In a similar way, the 
partial decay width of the decay channels H — > gg, yy and yZ is modified. These changes and their impact 
on the Higgs search are discussed. 
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1. Introduction 



The Standard Model (SM) are known to have three families of charged and neutral fermions. There 
is however no upper limit on the number of fermion families. A fourth family (SM4) [1] could be in fact 
^ . the key to many unsolved puzzles, such as the hierarchies of the fermion mass spectrum including neutrino 
\Q ! masses and mixing, electroweak symmetry breaking, baryogenesis, and a variety of interesting phenomena 
in CP and flavor physics |Q-S]- 

Fourth family leptons and quarks have been searched for previously by the LEP and Tevatron experi- 
ments and now by the LHC experiments. The most stringent lower mass limits at 95% CL are |0-@| 

m V4 > 80.5 - 101.5 GeV, (1) 

m k > 100.8 GeV, (2) 

m fo4 > 372GeV, (3) 

m f4 > 335GeV. (4) 

The mass bound on the heavy neutrino depends on the type of neutrino (Dirac or Majorana) and whether 
one considers a coupling of the heavy neutrino to e~,{i~ or r~. It should also be noted that assumptions 
about the coupling of the fourth family and the decay mode were made in deriving the quark mass limits. 
The limits can be weaker without these assumptions. On the other hand, the triviality bound from unitarity 



of the f4f4 S -wave scattering [10] indicates a maximum ?4 mass of around 500 GeV, although this estimate 



is based on tree-level expressions. 
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With the presence of fourth family quarks, the dominant Higgs production process, the gluon-gluon 
fusion process, is further enhanced (see Sec. |2]and also 111 XL 11210 . Using the large enhancement of gg — > 
H -> WW in SM4, CDF, DO and CMS have been able to exclude the SM4 Higgs boson at 95% CL for 
131 <m H < 204GevJliand 144 < m H < 207 GeV Q]. 

In H 1 3TI (see also il6l.ll7ll ). it was pointed out that the mass limit on m V4 (Eq.©) was derived when the 
mixing angle between the fourth family neutrino and at least one of the neutrinos in the SM is assumed to be 
larger than 3 x 10~ 6 . For smaller mixing angles, v\ is quasistable and the mass of V4 is bounded only from 
the analysis of Z boson decay at m V4 > 46.7 GeV il8h . In this case, the decay mode H — > V4V4 becomes 
the dominant one at low Higgs mass and the Tevatron lower mass limits of 131 GeV would be increased to 
155 GeV 11511 . In the following, we will not consider this possibility. 



2. Enhancement of gluon-gluon fusion Higgs production cross section 



In the SM, the dominant Higgs production process is the gluon-gluon fusion process where gluons from 
colliding beams couple to a heavy quark loop from which the Higgs boson is emitted. The cross section at 
the leading-order (LO) can be written as IU9I1 

jt 2 r 1 dx 

cr(pp -> HX) = T(H -> gg)— T r H —g(x, m 2 H )g(T H /x, m 2 H ) (5) 
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and g(x, Q 2 ) is the gluon distribution evaluated at x and Q 2 , Gp (a s ) is the Fermi (strong) coupling constant. 
The quantity I q is given in terms of A q - m 2 lm 2 H : 



3 [2A q + A q (4A q - l)f(A q )] , 
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with if - ^ ± - A q . In the heavy quark m q limit, A q » 1, I q — > 1, whereas in the light quark m q limit 
A q <c 1, I q — > 0. This is why in the SM, the top quark is by far the dominant contribution. 

In a fourth generation with two additional heavier quark ?4 and J4, the Higgs production cross section is 
enhanced with that of the SM by a factor 
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The dependence as a function of the Higgs boson mas s % is shown in Fig. [T] for two different values 
of infinite massQ and 400 GeV. The mass is fixed as JlHl 



m u = m d , + 50 + 10 x In 



115 [GeV] 



(10) 



'in practice, a value of lOTeV is chosen. 
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Figure 1 : The enhancement factor of the Higgs production cross section in a fourth generation over that of the SM as a function of 
m H for two scenarios with m e / 4 = lOTeV and 400 GeV. 



to be consistent with the constraint of electroweak precision data. The maximum enhancement factor of 
about 9 is reached at the small Higgs boson mass m# value where It, — > and I t ,h 4 ,Id A — > 1. At low 
niH, the enhancement is independent of the quark mass value of the fourth generation. At higher Higgs 
mass values, the heavier the quark mass, the smaller the enhancement factor. The heavy m q4 scenario may 
not be physical as when it is beyond about 500 GeV the weak interaction among heavy particles becomes 
strong and perturbation theory breaks down. However, since the enhancement is the smallest, the resulting 
exclusion limits would be more conservative. This is the scenario used by CMS in their recent publica- 



tion [ 14]. The other scenario with = 400 GeV corresponds to one of the scenarios used by the Tevatron 
experiments iflill . 

In Fig. [TJ the enhancement based on LO cross sections is also compared with the corresponding factor 
in NLO calculated with a modified HIGLU program 02011 PL The cross sections cr(gg — > //)sm,sm4 are 
calculated for pp collisions at 7TeV center-of-mass energy As far as the ratio Rj^ g ^H) is concerned, 
the difference between NLO and LO is small. This means that one may use this ratio (e.g. in NLO) and 
precisely predicted SM cross section values in higher orders to derive the corresponding higher-order cross 
section in a fourth generation model: 

<T S M4(gg ^H) = CTsuigg ^H)X R S ™J% ■ (1 1) 



2 Following the suggestion of the author, the SM electroweak corrections are not applied (by setting ELW=0 in the steering file 
higlu.in) as they are not valid for a fourth generation model. 

3 Whereas the cross section values depend strongly on the center-of-mass energy, we have checked that the ratio R^^J^j has 
essentially no dependence on it. 
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Figure 2: Branching fractions of the SM Higgs decays calculated using HDECAY. 



Indeed, use this relation and take the NNLO cross section value osMigg — * H) = 19.81 pb at m# = 
110 GeV as an example (Table 1 in 12111 ') and the corresponding enhancement factor of 9.223 (see the 
linked web page below), we obtain 182.79 pb for the low mass scenario. This derived cross section value 
o"SM4(gg — * H) is in excellent agreement with the independent prediction of 182.51 pb given in Table 1 
in Q. 



3. Modified Higgs decay branching fractions 



The SM Higgs decay branching fractions calculated using HDECAY [23] is displayed in Fig. [2] The 
decay mode H — > gg is the reverse of the gluon-gluon fusion process gg — > H. The partial decay width of 
the decay mode H — > gg in a fourth generation model with respect to that of the SM is thus enhanced by the 
same factor as the corresponding Higgs production cross section in the gluon-gluon fusion process (Eq.®). 

The decay mode H — > yy is similar to H — > gg except that charged leptons, the W-boson and charged 
Higgs bosons also contribute to the loop. The partial decay width is Ill9ll 



T(H -» yy) 



Gpm 3 H t a 
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(12) 



where a is the fine-structure coupling constant. The quark, lepton, W-boson and colorless charged scalar 
contributions are H19I1 : 

i = Y,Qlh + Yj Ql i Ii+Iw+Is (13) 

q i 
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Figure 3: Branching fractions of Higgs decays in a fourth generation model with mj 4 = m\ i = lOTeV (left) and md 4 = mi 4 = 
400 GeV (right). 

where Qf denotes the charge of fermion / in units of e and 

l q = 3 [2A q + A q (4A q - l)f(A q )} , (14) 
/, = 2^ + ^(4^-l)/(^), (15) 

Iw = 3A W (\ - 2A w )f(A w ) - 3A W - - , (16) 

I S =-A s [l+2A s f(A s )] , (17) 

and Aj - m?/m 2 H . In a fourth generation model, both Iq and // terms receive additional contributions from 
fourth generation quarks 174 and lepton I4. 

Finally the partial decay width T(H — > yZ) is also affected by additional fourth generation quark loops. 
Therefore the branching fractions (Fig. |3) in a fourth generation model look different from that of the SM 
in particular for gg, yy and yZ modes at low Higgs mass values. 

In Fig. [3l the two mass scenarios are compared. The I4 mass is further assumed to be the same as 
that of <At. But as far as these fourth generation quark and lepton masses are heavy enough (> m#/2), the 
difference in branching fractions is hardly visible. The branching fractions in a fourth generation model are 
calculated without applying the electroweak and higher-order QCD corrections as they do not apply to the 
fourth generation quarks. 

For the relevant decay modes yy and WW, ZZ, the ratio of the branching fractions in a fourth generation 
model over that in the SM 

D SM4/SM _ B(H ^)SM4 „ , 

R ^ = B(H -* X) SM (18) 
is compared in the two mass scenarios in Fig. fflleft), which shows that the effect of the mass scenarios is 
indeed small. The effect of the electroweak and higher-order QCD corrections on the branching fraction 
ratio is also small as it is illustrated in Fig. fright). 
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Figure 4: Branching fraction ratio of Higgs decays in a fourth generation model over that in the SM for two mass scenarios (left) 
and with or without electroweak and higher-order corrections in the SM (right). 



4. Results and discussions 

The overall enhancement of the product of the Higgs production cross section and the Higgs branching 
fraction in a fourth family over that in the SM 

/? SM4/SM 3 k(gg ~> H) x B(H -» X)] SM4 
[cr(gg^H)xB(H^X)] SM 

is shown in Fig. [5] as a function of the Higgs mass for decay modes X = yy, WW and ZZ and for the two 
mass scenarios. The numerical values for T?™ 4 ^™ , R^h^ww 77^ anc ^ ^Br/v^ SM > f° r ^9 Higgs mass points 



ranging from 110 GeV to 600 GeV are given in linked web pages 11241 1251 . 

One advantage of reporting Rj^J^^ instead of cr(gg — » //)sm4 that we mentioned in Sec. [2] is that the 
ratio is less sensitive to higher order corrections. It is also less sensitive to other theoretical uncertainties. 
One example is the dependence on the choice of parton distribution functions (PDFs). In Fig.[6l the variation 
of choosing two different PDFs (MSTW2008NLO jifj] and HERAPDF1.0 0]) has been compared with 
the default choice of CTEQ6M [28]. In the considered Higgs mass range, the difference on Z?™ 4 /^ is well 
within 0.2%. 



5. Summary 

We have discussed the implication in the Higgs production cross sections in the gluon-gluon fusion 
process and the Higgs decay branching fractions in modes gg, yy and yZ when including quarks and lep- 
tons of a fourth generation model. The enhancement/modification on the gluon-gluon fusion cross section 
(/?™ 4 ^^) and the Higgs decay branching fractions (R^^^) of a fourth generation model over the SM 
as a function of the Higgs mass mjj in the range of 100 - 600 GeV has been calculated and shown for two 



6 



X 

T 

IE 

m 

x 

T 

D5 

3. 

CO 

X 

T 

IE 

CQ 

X 

T 

D) 

c 



12 



10 







• yy;(m d4 =10Te 
. ° yyi(mH,=400G 


<0 
eV) 

. . . /. 






■ W 

□ W 


W, ZZ (m d4 
W, ZZ (m d4 


=10TeV) 
=400GeV) : 


















V 




****** 


• 

• 
• 








i i i i I i i i i 


, , , , 


, , , , 


i 



100 



200 



300 



400 



500 600 
m H (GeV) 



Figure 5: The enhancement of the product of the cross section and the branching fraction in a fourth family over the SM shown as 
a function of the Higgs mass for the two mass scenarios. 
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Figure 6: The variation due to the choice of different PDFs on R^gJ^Hy shown for the high mass quark scenario as a function of 
the Higgs mass m H . 



mass scenarios. These ratios are found to have little sensitive to theoretical variations such as the higher 
order corrections for both /?™ 4,/ ™ and /?d^ S ^! and PDFs for /?™ 4 ^™ ■ 

o-(gg->H) B(H->X) <r(gg-*H) 
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